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Abstract: Metalliferous sedimentary rocks, despite being limited in scope, are important stratigraphic horizons within the volcanogenic
massive sulfide (VMS) deposits in the Upper Cretaceous volcanic belt of the Eastern Pontides. The metalliferous sedimentary rocks
compose a distinctive genetic class. The abundance of such rocks in the Eastern Pontide district provides a basis for study and description
that may be more widely applied in other VMS districts. The metalliferous sedimentary rocks generally form layers less than 1.5 m thick
above stratiform massive sulfide ores. The metalliferous sediments are largely composed of quartz and hematite. While the Si ± Fe
content of sediments directly overlying the stratiform massive sulfide ores is high, an increase in the amount of carbonate is observed in
sediments that are not directly overlying the ores. The metalliferous sedimentary rocks were formed by the mixing of mainly chemical
components and to a smaller degree detrital components in various proportions due to sedimentation processes occurring on the
seafloor. Of the major constituents of the metalliferous sediments, Si, Fe, Cu, Zn, Pb, Sb, and Au generally have a hydrothermal origin,
whereas Al, Zr, and Ti are from detrital volcanic and volcaniclastic components. The high levels of U and V indicate a seawater origin,
pointing to a submarine environment for the formation of the Eastern Pontide metalliferous sedimentary rocks. The composition of the
metalliferous sediments of Eastern Pontide VMS deposits implies that these sediments carry a continental-arc provenance signature.
Silica (±iron)-rich rocks in the Eastern Pontides can be used as guide horizons in exploring for volcanogenic massive sulfide deposits
in the district since they formed close to the sulfide ores and their areal extents are much greater than those of the sulfide ores. In
comparison with their analogues on a global scale, these rocks are broadly comparable to silica- and iron-rich sedimentary rocks in the
VMS-bearing districts of the Urals.
Key words: Eastern Pontides, VMS deposits, exhalite, metalliferous sediments

1. Introduction
Metalliferous sedimentary rocks are significant
stratigraphic horizons in many volcanogenic massive
sulfide (VMS) districts. Regarding their depositional
setting and origin, such sedimentary rocks represent a
very special type of rock and are referred to as “exhalative”
chemical sedimentary rocks (Sangster, 1978; Franklin
et al., 1981; Kalogeropoulos and Scott, 1983; Spry et al.,
2000; Peter, 2003; Slack, 2012; Hollis et al., 2015). The
chemical sedimentary rocks characteristically occur in
proximal settings within the immediate hanging-wall
rocks of the massive sulfide ores and/or distally to the
sulfide ores at about the same stratigraphic level (Slack,
2012). These Si- and Fe-rich rocks are used as a guide

horizon in exploring for VMS deposits since they formed
close to the sulfide ores and their areal extents are much
greater than those of the sulfide ores (Stanton, 1972;
Franklin et al., 1981; Kalogeropoulos and Scott, 1983;
Spry et al., 2000; Maslennikov et al., 2012; Slack, 2012;
Hollis et al., 2015). These rocks are also characterized by
significant concentrations of metals (James, 1954; Ridler,
1971; Comba, 1975; Kalogeropoulos and Scott, 1983;
Spry et al., 2000; Maslennikov et al., 2012). This unique
type of sedimentary rock, which is a typical formation in
hydrothermal systems that form the VMS deposits, was
first described by Ridler (1971) as “exhalite”. To date, this
rock class has been referred to by a variety of terms in the
VMS districts where they are identified. Commonly used
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terms for the ancient analogues are chemical sedimentary
rock, quartz-hematite rock, ferruginous chert, sulfidic
chert, hematitic chert/jasper, jasperite, tuffite, ironstone,
iron quartz, (meta)-exhalite, tetsusekiei, vasskis, ocher,
gossanite, umber, ferruginous and manganiferous rock,
hydrothermal sediment, and ore-bearing sedimentary
facies (Ridler, 1971; Stanton, 1972; Kalogeropoulos and
Scott, 1983; Kalogeropoulos, 1985; Duhig et al., 1992; Spry
et al., 2000; Davidson et al., 2001; Slack et al., 2009; Revan,
2010; Maslennikov et al., 2012; Slack, 2012; Revan et al.,
2013; Hollis et al., 2015), whereas the modern analogues
have been generally termed “metalliferous sediments” and
“hydrothermal iron-silica deposits” (Barrett et al., 1987;
Juniper and Fouquet, 1988; Metz et al., 1988; German et
al., 1993; Hekinian et al., 1993; Hein et al., 1997).
Despite the fact that they are used as guides in
prospecting for VMS deposits, comprehensive studies
regarding the geochemistry and the origin of these rocks
are rather limited in many of the VMS districts, and there
are currently no comprehensive criteria for distinguishing
them. Detailed and significant data on this rock type are
limited to some specific regions such as Hokuroku (Japan),
Mount Windsor (SE Australia), Bathurst Mining Camp
(Canada), the Urals (Russia), the Iberian Pyrite Belt (Spain
and Portugal), and the Tyrone Igneous Complex (Ireland)
(Kalogeropoulos and Scott, 1983; Duhig et al., 1992;
Davidson et al., 2001; Maslennikov et al., 2012; Hollis et
al., 2015). The most important reason for having such a
limited amount of data is that there is a limited number of
findings that are exclusive to these rocks. Since the VMS
districts and associated ore deposits have commonly been
subjected to metamorphism and intense deformation,
the primary features of the VMS deposits have been
obliterated, and it is almost impossible to find traces of
primary features (Kalogeropoulos and Scott, 1983; Allen
et al., 2002). However, it is relatively much easier to find
traces of primary features in nonmetamorphosed terrains
and in areas where only slight deformation has taken place.
Unlike those in many VMS districts, the primary features
of the VMS deposits in the Eastern Pontide district have
been largely preserved due to the nonmetamorphosed
nature of the region (Çiftçi, 2000; Revan et al., 2016). It
is much easier to find traces of ore-bearing sedimentary
facies in the deposits of this belt in comparison with other
VMS districts. The initial findings regarding this unusual
rock type in the Eastern Pontide VMS deposits have
only revealed the existence of this facies (Revan, 2010).
Nevertheless, whether these rocks are true hydrothermal
chemical sediments must be proved both mineralogically
and geochemically. The obtained data can also serve to
formulate approaches about the origin of the rock type
and to compare them to their analogues at the local and
regional scales. For the first time, a comparison on a global
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scale along with detailed mineralogical and geochemical
analyses of the metalliferous sediments from the VMS
deposits in the Eastern Black Sea region (Turkey) are
reported in this study.
2. Types of sedimentary rocks and their classification
As noted above, these sedimentary rocks have been
referred to by a variety of terms based on the distinctive
depositional settings and their contents. Fe- and Sibearing types, located in a deep-sea environment and
in volcanic rocks, are referred to as Algoma-type iron
formations (Gross, 1980). These types of rocks have been
interpreted by many researchers to precipitate from the
venting of hydrothermal fluids contemporaneous with
volcanism. Algoma-type iron formations are commonly
associated with VMS mineralization and form in volcanic
arcs, back-arcs, spreading ridges, and rifts. The chert and
iron oxide intercalations in shallow-water sedimentary
sequences are defined as Superior-type iron formations.
The Superior-type iron formations are mineralogically
similar to the Algoma-type but are not associated with
VMS mineralization (Cloud, 1973; Gross, 1980; Morris,
1993). The siliceous sedimentary rocks analyzed here are
related to the seafloor hydrothermal systems that formed
the VMS mineralization. The most extensive studies on the
ancient analogues of these rock types have been conducted
in Hokuroku, the Urals, the Tyrone Igneous Complex,
the Pecos Greenstone Belt, the Mount Windsor Volcanic
Belt, British Columbia, and Bathurst Mining Camp
(Kalogeropoulos and Scott, 1983; Peter and Goodfellow,
1996, 2003; Jones et al., 2006; Goodfellow, 2007; Slack et
al., 2009; Maslennikov et al., 2012; Hollis et al., 2015). Such
sedimentary rocks in Hokuroku have been conventionally
termed as tuffaceous exhalites (or iron quartz)
(Kalogeropoulos and Scott, 1983; Tsutsumi and Ohmoto,
1983; Kalogeropoulos, 1985). The tuffaceous exhalites
were formed by the mixing of the chemical and clastic
constituents in various proportions. The constituents of
both types include the same minerals (hematite, quartz,
barite, rutile, chlorite, sericite, and apatite). In their recent
study, Maslennikov et al. (2012) classified Fe- and Mn-rich
ferruginous rocks (halmyrolites) as jasperite, gossanite,
and umber according to the type of VMS deposits. These
workers suggested that this distinction may be done
petrographically in dark field images and geochemically.
The quartz-hematite jasperites identified in the Urals
are the result of seafloor replacement (hyaloclastic) of
previously formed carbonaceous hyaloclastic materials,
which underwent a range of seafloor alterations from
FeII-smectites and hisingerite to quartz and hematite
(Maslennikov and Ayupova, 2007). Jasperites occur as
veins, stratiform lenses, and beds. In typical jasperites,
fragments of fine-grained hematite and quartz aggregates
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are cemented by a siliceous matrix. Gossanites are defined
as submarine gossan-derived sedimentary rocks. These are
considered lithified analogues of the ochers that have been
identified in the Troodos Massif and the Semail Nappe.
Gossanites generally comprise clastic sulfides mixed with
hematitized carbonate and/or hyaloclastic material almost
entirely seafloor replaced by silica, smectite, and iron
hydroxides transformed to quartz, chlorite, and hematite.
‘Umbers’ are red-brown colored ferruginous rocks with
high manganese content and include varying amounts of
silica, chlorite, and carbonate components (Maslennikov,
1999; Maslennikov et al., 2012). The siliceous sediments
in the Tyrone Igneous Complex (Northern Ireland)
have been termed “silica-iron exhalites”, and it has been
suggested that the distal and proximal part of the VMS
deposits in the district may be distinguished by the
geochemical compositions of these rocks (Hollis et al.,
2015). Significant data have also been obtained from the
chemical sediments of the Bathurst district (Peter and
Goodfellow, 1996, 2003; Peter, 2003; Goodfellow, 2007).
The rocks in the Bathurst district have been termed
hydrothermal sediments and iron-rich metalliferous
sediments. In the Pecos Greenstone Belt of New Mexico,
such rocks are referred to as iron formations (Slack et al.,
2009). The chemical sedimentary rocks, which represent
the distal part of the Pecos Greenstone VMS deposits,
consist primarily of quartz, magnetite, and manganese
(Slack et al., 2009). Identified at three different stratigraphic
levels in the Mount Windsor Volcanic Belt, these types
of rocks that contain quartz-hematite and/or magnetite
(Duhig et al., 1992) have been termed ironstone or silica
iron exhalites. However, the classification on a global scale
(James, 1954; Spry et al., 2000; Slack, 2012) has been done
on the basis of the dominant mineral content and it has
been divided into following categories: sulfide/sulfate,
carbonate, oxide, and silicate facies. The facies dominated
by sulfide and sulfate are composed of one or more sulfide/
sulfate minerals (such as pyrite, chalcopyrite, sphalerite,
galenite, barite, and gypsum). Carbonate-dominated iron
formations contain a series of carbonates such as siderite,
ankerite, and dolomite. The main minerals of oxide facies
are hematite and magnetite. The silicate facies is chiefly
composed of iron- and manganese-rich minerals and
magnesian minerals.
The sedimentary rocks identified in the abovementioned areas have been classified based upon their
metallic contents, mineral components, chemistry, and
morphology. The rationale behind the classification is
the identification of constituents (chemical and clastic
material ratios) and the specification of the distance (distal
or proximal) to the ore systems. It has been particularly
suggested that their geochemical characteristics and
metallic contents can be used as a guide in exploring for

VMS deposits. It would be safe to state that almost all
the samples for which the mineral contents have been
identified are rich in silica and iron. Thus, most of the iron
formations have been termed silica-rich iron formations.
The rocks identified in the proximal part of the Eastern
Pontide VMS deposits have been termed “metalliferous
sediments” in this study due to their elevated metallic
contents as well as their high Si (±Fe) contents.
3.Tectonic setting and general features of the Eastern
Pontide VMS deposits
The Eastern Pontides is a mountain range extending along
the southeastern coast of the Black Sea. This mountain
range is approximately 100 km in width and 600 km in
length and although its precise geographical borders are
unknown, it is roughly estimated that they extend from
Samsun (Turkey) in the west to the Lesser Caucasus
(Georgia) in the east (Figure 1). The mountain range is
bordered by the Ankara-Erzincan Neo-Tethyan suture
zone in the south and the Black Sea basin in the north. The
Eastern Pontide orogenic belt has a heterogeneous preJurassic crystalline basement formed by early HercynianCimmeride orogenic events. The basement rocks consist
dominantly of metamorphic rocks and, to lesser extent,
of volcanic and sedimentary sequences (Yılmaz, 1972;
Çoğulu, 1975; Okay and Şahintürk, 1997). A thick (at least
2 km) volcanosedimentary sequence ranging in age from
Liassic to Eocene unconformably overlies these crystalline
basement rocks (Okay and Şahintürk, 1997).
The Eastern Pontide orogenic belt is generally divided
into two parts, each characterized by a different geological
environment: the Northern Zone and the Southern
Zone (Özsayar et al., 1981; Bektaş et al, 1995). While the
Northern Zone is mostly dominated by Late Cretaceous
and Middle Eocene volcanic and volcaniclastic rocks, in
the Southern Zone, pre-Late Cretaceous ophiolitic and
sedimentary and subordinate magmatic rocks are exposed
(Okay and Şahintürk, 1997). Between the Mesozoic and
Tertiary, three main magmatic periods have been defined:
the Early-Middle Jurassic, the Late Cretaceous, and the
Eocene. The Early-Middle Jurassic volcanic rocks, which
represent the first period, are tholeiitic in character and
most likely related to rifting (Okay and Şahintürk, 1997).
The Late Cretaceous volcanic rocks are largely subalkaline
in character and are related to subduction (Peccerillo and
Taylor, 1975; Gedikoğlu, 1978; Akın, 1979; Eğin et al.,
1979; Manetti et al., 1983; Gedik et al., 1992). The Eocene
volcanism, which represents the last period, features a calcalkaline character and is most likely related to regional
extension (Adamia et al., 1977; Eğin et al., 1979; Kazmin
et al., 1986; Çamur et al., 1996). The plutonic rocks of the
belt are of different ages and compositions. Their ages vary
from Carboniferous to Eocene (Delaloye et al., 1972; Giles,
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Figure 1. Simplified regional geological map of the Eastern Pontide orogenic belt and the locations of important volcanogenic massive
sulfide deposits and prospects (modified after MTA, 2002). Inset shows the major tectonic units of Anatolia (simplified from Ketin,
1966).

1974; Taner, 1977; Gedikoğlu, 1979; Kamitani and Akıncı,
1979; Moore et al., 1980; Şen, 1987; Okay and Şahintürk,
1997; Yılmaz et al., 1997; Kaygusuz, 2000; Arslan et al.,
2004; Delibaş et al., 2015). Their compositions are in
the form of tholeiitic and calc-alkaline granitoids and
alkaline syenite/monzonites (Yılmaz and Boztuğ, 1996;
Boztuğ et al., 2001). The emplacement of the plutonic
rocks is associated with continental-arc collisions and
postcollisional rifting events (Yılmaz and Boztuğ, 1996;
Karslı et al., 2004, 2007; Topuz et al., 2005; Boztuğ et al.,
2007; Boztuğ and Harlavan, 2008).
The Eastern Pontide belt represents a complex volcanic
arc system formed during the Late Cretaceous period
(Stajanow, 1973; Peccerillo and Taylor, 1975; Akın, 1979;
Pejatoviç, 1979; Şengör and Yılmaz, 1981, Şengör et al.,
1985; Robinson et al., 1995; Okay and Şahintürk, 1997;
Yılmaz et al., 2000). The geological evolution of the Eastern
Pontides is genetically related to igneous activity as a result
of the subduction of the Neotethys Ocean. The direction
and the time of the subduction are still vigorously debated.
While some researchers argue that northward subduction
of the Tethys Ocean occurred in the Late Mesozoic period
(Şengör et al., 1980; Şengör and Yılmaz, 1981; Okay and
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Şahintürk, 1997; Yılmaz et al., 1997; Dilek et al., 2010),
others suggest that southward subduction occurred in the
Paleozoic-Mesozoic-Cenozoic period (Bektaş et al., 1999;
Eyuboglu, 2010; Eyuboglu et al., 2007, 2012, 2014).
The VMS deposits in the Eastern Pontide belt are
located in the Northern Zone, and they are associated
with Late Cretaceous bimodal volcanic rocks. The Late
Cretaceous volcanic rocks are generally divided into four
formations from the base to the top: the Çatak, Kızılkaya,
Çağlayan, and Tirebolu Formations (Güven, 1993, 1998).
The Çatak Formation is largely composed of andesiticbasaltic volcanic rocks. The Kızılkaya Formation, where
extensive alteration is observed, consists of dacitic/
rhyolitic volcanic and related volcaniclastic rocks. The
Çağlayan Formation is dominated by basaltic volcanic
rocks and contains volcanogenic sedimentary rocks with
varying thicknesses at stratigraphically different levels. The
Tirebolu Formation is mainly composed of dacitic lavas
and related resedimented facies. Nearly all of the major
VMS deposits in the belt occur in the vicinity of contacts
between the Kızılkaya and Çağlayan Formations or in the
uppermost part of the Kızılkaya Formation. U-Pb zircon
dating of the Kızılkaya Formation hosting VMS deposits
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has revealed ages of 91 ± 1.3 Ma (Eyuboglu et al., 2014) and
88 ± 1.32 Ma (Revan et al., 2017). There are also researchers
who suggest that a small number of VMS deposits and
prospects occurred within the Tirebolu Formation (83.1
± 1.5 Ma, Eyuboglu et al., 2014). The volcanic chemistry
of host lithologies for the VMS deposits of the Eastern
Pontide belt indicates a rifted tectonic setting related to
subduction (Peccerillo and Taylor, 1975; Arslan et al.,
1997; Eyuboglu et al., 2014; Revan et al., 2017).
All major VMS deposits in the district are associated
with fault-controlled subsidence and subcircular structures

Age Fm

in the volcanic-arc setting. These fault-controlled VMS
deposits are mainly associated with dacitic/rhyolitic domes
(Revan, 2010; Eyuboglu et al., 2014; Revan et al., 2017).
The majority of the VMS deposits in the Eastern Pontides
are composed of stratiform massive sulfide mounds rich
in Cu and Zn that directly overlie stockwork zones (Figure
2). The stratiform massive sulfide lenses are overlain by a
relatively thin (several meters) volcanosedimentary layer
formed by intercalations of Si (±Fe)-rich sediments and
volcaniclastics. Footwall lithologies hosting VMS deposits
are characterized by intense and extensive alterations.

Lithology

Magmatism

massive-autobrecciated
andesite/basalt
interbedded
volcaniclastics

quartz porphyritic
dacite

basic intrusive

hematitic dacite
autobrecciated
dacite

hanging wall
volcaniclastics

VMS
orebody
stringer zone

metalliferous
sediment
altered
dacite/rhyolite lava
volcanogenic
sediments

andesitic
volcaniclastic

granite
andesitic/basaltic lavas

Figure 2. Summary stratigraphic column for the VMS-hosting Upper Cretaceous volcanic rocks and the position of VMS-type massive
sulfide deposits of the Eastern Pontides (modified from Revan et al., 2016).
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When classified on the basis of their metal contents, the
Eastern Pontide VMS deposits can be divided into two
categories: polymetallic stratiform massive ores rich in
Cu, Zn, and Pb ± (Au and Ag) (e.g., Çayeli, Lahanos,
Kanköy, and Akarşen), and Cu-rich but Au- and Ag-poor
stockwork-disseminated ores (e.g., Murgul). The Eastern
Pontide deposits are within the bimodal felsic-type VMS
category when classified based on their metal content
(Revan et al., 2014). The main ore minerals of sulfide
mounds are pyrite, chalcopyrite, and sphalerite. These
minerals are accompanied by small amounts of bornite,
galena, gold, and silver (Pejatoviç, 1979; Çiftçi, 2000; Çiftçi
et al., 2004; Revan, 2010; Demir et al., 2013; Revan et al.,
2014).
When the depositional setting of the Eastern Pontide
VMS deposits is analyzed, the existence of “ore facies”
and “ore-bearing sedimentary facies” is remarkable. The
ore facies include mineralization processes occurring
on the seafloor and the subseafloor. The ore facies are
represented by hydrothermal-metasomatic, seafloor
hydrothermal, and biological ore facies (Revan et al.,
2013). The hydrothermal-metasomatic facies includes
subseafloor replacement processes and is represented by
stockwork-disseminated massive veins and massive lenses.
The hydrothermal-metasomatic facies can be defined as
the synvolcanic accumulation of sulfide minerals within
preexisting volcanosedimentary deposits by infiltration
and precipitation in open spaces and may form an
important component of many deposits (Doyle and Allen,
2003). The seafloor hydrothermal facies is basically sulfide
accumulations on the seafloor and is characterized by
hydrothermal chimney fragments and clastic sulfide ores.
The representatives of the biological facies are fossilized
remains of various species that experience symbiotic lives
near hydrothermal vents and form sulfide mineralization.
Nearly all the traces of fossilized fauna have been identified
within clastic sulfide ores (Revan, 2010; Revan et al.,
2010). In some deposits, however, the stratiform massive
sulfide lenses are directly overlain by red colored siliceous
sedimentary layers. These metalliferous sedimentary
layers, which are the main focus of this study, correspond
to the ore-bearing sedimentary facies.
4. General characteristics of metalliferous sedimentary
rocks
Metalliferous sedimentary rocks have been identified in
detail at the Lahanos, Çayeli, Kanköy, and Kutlular massive
sulfide deposits (Figure 3). With the exception of those at
Kutlular, the metalliferous sedimentary rocks described
in these deposits are known only from underground
exposures. Contrary to the others, a quite thin and
discontinuous metalliferous sedimentary layer has been
observed in the open pit exposures of the Kutlular deposit.
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The sedimentary rocks occur at the boundary between
the footwall and hanging-wall rocks and stratigraphically
above the massive sulfide ores. Metalliferous sediments
are compact and have sharp conformable contacts with
the underlying massive sulfide ores and with the overlying
volcanosedimentary rocks. These rock layers occur at
different stratigraphic levels within the hanging-wall
lithologies overlying the massive sulfide ores. The silica
and metal contents are most abundant near the massive
sulfide ores. The amount of carbonate tends to increase
towards the upper stratigraphic sections. The samples
collected in the context of this study have been compiled
from the layers exposed within a few meters above the
massive sulfide ores.
The metalliferous sedimentary rocks of the Eastern
Pontide VMS deposits are typically red colored due to their
abundant iron contents. In contrast to the others, the orebearing sedimentary layer defined in the Kanköy deposit
is more calcareous and has a grayish color. Rock fragments
from a red colored layer (or layers) with higher iron
content have also been identified in the Kanköy deposit.
However, their location is uncertain. In the Lahanos mine,
the ore-bearing sedimentary layer directly overlies the
massive sulfide orebody. The thickness of this typically red
colored layer ranges from 1 cm to ~1.5 m (Figures 4a and
4b). The layer contains ore fragments from the underlying
massive ore and rock fragments (hyaloclastic materials)
from the immediately overlying hanging-wall rocks. A
rather hard and silicified layer covers the whole massive
orebody (~300 m in length), despite the layer’s variable
thickness. The ore-bearing sedimentary layer described in
the Kanköy deposit does not directly overlie the massive
sulfide ore. It is approximately 50 cm above the massive
sulfide ore. No data are available on its thickness and
extent. However, observations in some locations indicate
it is at least 20 cm thick (Figure 4c). One of the samples
from Kanköy was taken from the less silicified layer that
directly overlies the stockwork zone. In the Çayeli mine,
this facies has a distinctive red color and can be traced
discontinuously along the strike for approximately 550 m
(Figure 4d). Its thickness varies from approximately a few
centimeters to ~1 m. Over the Çayeli stratiform massive
sulfide ore, relatively thin overlying volcaniclastic rocks
are observed in places where the ore-bearing sediments
do not exist. In the Kutlular mine, there are two varieties:
(1) layers intercalated with sulfide ores (distal) and (2)
proximal horizons directly overlying massive sulfide ores
(Figure 4e).
It is quite common to observe fragments of hematiterich layers in stratiform sulfide ores. This feature indicates
an event occurring on the seafloor. The presence of clastic
materials (ore clasts and rock fragments) in the base
sections directly above the massive sulfide ores provides
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Figure 3. Geological cross-sections of the studied VMS deposits in the Eastern Pontides and approximate locations of metalliferous
sediment horizons. The samples of metalliferous sediments were collected from underground exposures in the Çayeli, Lahanos, and
Kanköy mines and from open pit exposures at the Kutlular mine (modified from Revan, 2010).
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Figure 4. Photographs of silica (±iron)-rich sedimentary rocks directly overlying the stratiform massive sulfide ores in the Eastern
Pontide VMS deposits. (a, b) The metalliferous sediment at the base of the volcaniclastic rocks directly on the massive sulfide ore in
the Lahanos deposit. (c, d) The clastic massive sulfide ore and overlying fossilized sediments in the Kanköy (c) and Çayeli (d) deposits.
(e) The metalliferous sediment collected from the open pit exposure of the Kutlular mine. The scale bars are ~2 cm. ms - metalliferous
sediment; py - pyrite.

significant data indicating a possible reworking process.
The sediments, which initially accumulated on gently
undulating topography, were later deposited to form flatlying bedding (Figure 5a). The ore-bearing sedimentary
layers are frequently crosscut by quartz veins (Figure 5b).
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Load-cast and flame structures indicating soft sediment
deformation are common (Figure 5c). These unique
rocks are commonly replaced by sulfides (mostly pyrite
and chalcopyrite) (Figures 5c and 5d). This replacement
indicates that the sulfide accumulation continued to occur
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after the deposition of these rocks. They rarely contain fossil
remains. In a quite siliceous sample from Çayeli, planktonic
foraminifera (Marginotruncana pseudolinneiana Pessagno,
Marginotruncana sp., and Globigerinelloides sp.,) and
radiolarian fossils have been identified (Figure 6). Fossils
identified in the metalliferous sediments are indicative of
sedimentation during the Turonian to Santonian (between
93.9 and 83.6 Ma).
The minerals identified in ore-bearing deposits that
directly overlie the massive ore of the Pontide VMS
deposits are listed in Table 1. The ore-bearing sediments
have mineralogically similar characteristics. Glass shards
(Figure 7a), sericitic volcanic rock fragments, corroded

quartz, feldspar and barite crystals, and opaque minerals
(mainly pyrite, chalcopyrite, and hematite) (Figures 7b–7e)
are present within a carbonate, silica, iron oxide, and iron
hydroxide matrix. The quartz is primary and secondary.
Flow foliation structure is common. In some samples,
the presence of spherules has been noted (Figure 7f).
The spherules formed as a result of the devitrification of
volcanic glass at high temperatures (Lofgren, 1971; McPhie
et al., 1993). Silicification, carbonatization, hematitization,
and a lesser amount of argillization are common.
In the X-ray diffractometer analysis of the samples,
the following minerals have been identified in descending
order: quartz, hematite, kaolinite, halloysite, siderite,

Figure 5. Photographs of silica-(±iron)-rich sedimentary rocks directly overlying the stratiform massive sulfide ores in the Eastern
Pontide VMS deposits. (a) Progressive precipitation of sediments directly overlying massive ore (1 - ore; 2 - fragmental sediment; 3 metalliferous sediment; solid line - boundary between ore and sediment; dashed line - level where debris flow ceased and suspension
precipitation began); Lahanos. (b) Quartz vein crosscutting ore-bearing sedimentary rocks in the Lahanos deposit. (c) Sulfide load-cast
and flame structures and (d) pyritic ore layers in sedimentary rocks at the Kutlular mine. py - pyrite.
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200 µm

200 µm

Figure 6. Photomicrographs of the biological facies of VMS deposits in the Eastern Pontide district. Radiolarian tests in metalliferous
sedimentary rocks of the Çayeli mine.

dolomite, illite, barite, goethite, and amorphous material.
In the polished thin section analyses, chalcopyrite, pyrite,
tennantite, bornite, rutile, sphalerite, galenite, chalcocite,
covellite, and plentiful limonite minerals have been
identified (Figures 7g and 8). Hematite is the dominant
iron oxide facies and occurs as fine-grained disseminations
and in acicular form (Figure 7h). In some samples,
hematite-rich fragments have been observed in the matrix,
which contains fine-grained quartz and hematite (Figure
7i). An extensive association of oxide facies with sulfide
and carbonate facies is common. In the Kutlular samples
containing abundant metals, sulfides (mainly pyrite) are
commonly replaced by hematite (Figure 7j).
In the Lahanos samples, the predominant component of
poorly lithified sediment is finely dispersed iron-siliceousargillaceous material forming clastic microstructures. In
the matrix are numerous fragments of clayed and rarely
silicified volcanic glass with red iron rim (Figures 8a–8d).
The volcanic glasses have fibrous, elongated triangular
with concave sides, filamentary and elongated particles.
Montmorillonite, illite, various carbonates, numerous
apatites, and barite have been identified in association with
volcanic glasses. In some cases, the relicts of chalcopyrite
or pyrite are observed in the iron oxyhydroxide
pseudomorphoses (Figure 8c) by sulfide clasts similar to
gossanites from the massive sulfide deposits of the Urals
(Maslennikov et al., 2012). Chalcopyrite in metalliferous
sediments is pseudomorphically replaced by tennantite.
The relicts of sulfide minerals are typical for the ironsiliceous-argillaceous matrix of metalliferous sediments.
Rarely, chalcopyrite and tennantite are replaced by bornite.
Native gold is also found in the tennantite-chalcopyrite
aggregates (Figure 8d). Sulfide particles have a pyrite-
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marcasite-chalcopyrite, chalcopyrite-tennantite, and
chalcopyrite-bornite composition and form numerous
framboidal and nodular pyrite aggregates (Figures 8e
and 8f). Several rare bismuth sulfosalts, such as aikinite
(CuPbBiS3), emplectite (CuBiS2), and wittichenite
(Cu3BiS3), were also detected in metalliferous sediments.
The representative microprobe analyses of minerals from
the Lahanos VMS deposit are listed in Table 2.
Aikinite occurs in the form of (1) xenomorphic
aggregates sometimes intergrown with chalcopyrite and
tennantite (Figure 9a), (2) ruptured streaky clusters in
chalcopyrite (Figure 9b), and (3) individual monomineral
aggregates of 30–40 µm in size (Figure 9c). In reflected
light, aikinite has a creamy white color and strong
anisotropy. The composition of aikinite is stoichiometric;
element impurities in its composition are not detected (see
Table 2).
Wittichenite forms xenomorphic aggregates in
intergrowth with chalcopyrite-bornite, bornite, and barite
isolations, forming irregularly shaped excavations with
sinuous outlines (Figure 9d). In most cases, wittichenite
has a dense mass caused by bornite, which envelopes along
the edges. Wittichenite particles can reaches 100–110 µm
in size. Pseudomorphic replacement of wittichenite by
goethite is common (Figure 9e). Rounded, elongated, and
irregular contours of grayish-white wittichenite intergrows
with barite and contains emplectite (Figure 9e).
Emplectite of up to 20 µm in size occurs in intergrowth
with wittichenite (Figures 9e and 9f). In reflected light,
emplectite has a grayish-white color with a cream shade and
is optically indistinguishable from wittichenite. Emplectite
composition, in comparison to wittichenite, has elevated
Fe content (up to 6.84 wt.%), with impurities of Sb and Se
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Table 1. The mineral associations in metalliferous sedimentary rocks from the Eastern Pontide VMS
deposits. The analytical methods used to detect the minerals are indicated.
Mineral

Analytical method

VMS deposits

TS

PS

XRD

TSp Lahanos

Kanköy Kutlular Çayeli

Aikinite (CuPbBiS3)

-

+

-

-

√

-

-

-

Ankerite (CaFeMg(CO3)2)

+

-

-

-

√

-

√

-

Apatite (Ca5(PO4)3F)

+

+

-

-

√

-

-

-

Barite (BaSO4)

+

+

-

-

√

√

√

-

Bornite (Cu5FeS4)

-

+

-

-

√

√

-

√

Chalcocite (Cu2S)

-

+

-

-

-

√

√

-

Chalcopyrite (FeCuS2)

-

+

+

-

√

√

√

√

Covellite (CuS)

-

+

-

-

-

√

√

√

Dickite (Al2Si2O5(OH)4)

-

-

-

+

√

-

√

-

Dolomite (CaMgCO3)

-

-

+

+

√

-

√

-

Electrum (Au, Ag)

-

+

-

-

-

-

-

√

Emplectite (CuBiS2)

-

+

-

-

√

-

-

-

Ferrihydrite (Fe2O39H2O)

-

-

-

+

√

√

√

√

Galena (PbS)

-

+

-

-

√

√

√

√

Goethite (FeOOH)

-

+

+

-

√

-

√

-

Gold (Au)

-

+

-

-

√

√

-

√

Halloysite (Al2Si2O5(OH)4)

-

-

+

+

√

-

√

√

Hematite (Fe2O3)

-

+

+

-

√

√

√

√

Illite (KAlMgFeSiO(OH)2)

-

-

+

+

√

√

√

√

Kaolinite (Al2Si2O5(OH)4)

-

-

+

+

√

√

-

-

Magnesite (MgCO3)

-

-

-

+

√

√

-

-

Marcasite (FeS)

-

+

-

-

√

-

-

-

Montmorillonite

-

-

+

+

√

-

-

-

Pyrite (FeS2)

-

+

-

-

√

√

√

√

Quartz (SiO2)

+

-

-

-

√

√

√

√

Rutile (TiO2)

+

+

-

-

-

-

√

-

Siderite (FeCO3)

-

-

+

+

√

√

-

-

Smectite

-

-

-

+

√

-

√

-

Sphalerite (ZnS)

-

+

-

-

√

√

√

√

Tennantite

-

+

-

-

√

√

-

√

Tetrahedrite

-

+

-

-

-

√

-

√

Wittichenite (Cu3BiS3)

-

+

-

-

√

-

-

-

TS - thin section, PS - polished section, XRD - X-ray diffractometer, TSp - TerraSpec.

(see Table 2). The content of these impurity elements can
be explained by the preservation of microinclusions in the
initial sulfides.
5. Geochemistry
5.1. Sampling and analytical method
The analyzed sediments were sampled from the identified
outcrops of the studied deposits. The samples from

Lahanos, Kanköy, and Çayeli were collected from
underground exposures in the mines. The samples from
Kutlular mine, however, were collected from the open pit
exposures and mine dump materials. All of the samples
from the Lahanos, Çayeli, and Kutlular mines were
collected from the layers directly overlying the stratiform
massive sulfide ores. The samples from Kanköy do not
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Figure 7. Photomicrographs representative of some mineral textures from the metalliferous sedimentary rocks. (a–c) Glass shards and
sericitized volcanic fragments in carbonate (cb), iron oxide, and siliceous matrix. Crossed nicols. (d, e) Corroded quartz (qtz) and barite
(ba) crystals within a very fine matrix. Crossed nicols. (f) Hematite-rich spherules indicating precipitation from hydrothermal fluids
vented onto the seafloor. (g) Chalcopyrite filling fractures in pyrite. (h) Chalcopyrite and acicular hematite within the fine-grained Si-Fe
matrix. (i) Ore minerals (pyrite) and hematitic rims around volcanic glass within the silica, carbonate, and kaolinite matrix. (j) Selective
replacement of a pyrite cube by hematite in metalliferous sediments from the Kutlular mine. Py - pyrite, Ccp - chalcopyrite.

directly overlie the stratiform massive sulfide ores. Most
samples were from outcrop and consisted of 1 to 2 kg
of rock chips collected across the width of sediment
bodies. Fifteen samples from representative localities were
analyzed for whole-rock geochemistry. The samples for
which the locations are not identified were analyzed but
not assessed geochemically. The major and trace element
contents of the samples were analyzed at the Bureau
Veritas Mineral Laboratories (formerly ACME Analytical
Laboratories, Ltd.) in Vancouver, Canada. The rock
samples were crushed, split, and pulverized to 250 g pulp
and 200 mesh. The determination of total element contents
was performed using an aqua regia (HCl-HNO3-HSO)
digestion, followed by ICP-MS analysis for 43 elements.

310

The chemical composition of minerals was analyzed
on REMMA-202M scanning electron microscopes at
the Institute of Mineralogy of UB Russian Academy of
Science. Instrument setup included a 1 µm electron beam,
15 nA beam current, 20 kV accelerating voltage, counting
time of 120 s for peaks, and analysis of registered standard
1362 (Microanalysis Consultants Ltd.).
5.2. Results
The metalliferous sediments identified in the Pontide
VMS deposits do not show significant variations within
an individual deposit, whereas metalliferous sediments
from different deposits have wide variability (Figures
10 and 11). The elements Si, Fe, and Ca reflect the main
components of the metalliferous sediments. Silica occurs
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Py
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Figure 8. Microphotographs of metalliferous sediments from the Lahanos mine. (а) Zonal clayed volcanic glasses with
iron rich rim. (b) Pyrite-chalcopyrite-tennantite sulfide aggregates. (c) Replacement of chalcopyrite by tennantite and iron
oxyhydroxide pseudomorphoses with relicts of pyrite. (d) Native gold in tennantite-chalcopyrite aggregates. (e) Accumulations
of framboidal pyrite. (f) Marcasite-pyrite nodule. Reflected light. Py - pyrite, Ccp - chalcopyrite, Tn - tennantite, Mc marcasite, Au - native gold.

as quartz and various clay minerals (such as kaolinite,
illite, montmorillonite, and halloysite). Minerals of Fe
are mostly hematite with lesser amounts of chlorite and
siderite. Calcium is found in dolomite and calcite.

The SiO2 and Fe2O3 contents of most metalliferous
sediments are quite high (Table 3). The SiO2 contents
usually vary from 15% to 84%. The SiO2 contents (61.5%
to 84.1%) of samples from Kutlular are higher than those
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Table 2. Aikinite, wittichenite, and emplectite compositions (wt.%) in metalliferous sedimentary rocks from the
Lahanos VMS deposit.
No. Points of analysis

Elements
Pb

Bi

Cu

Fe

Se

Sb

S

Total

Chemical formula

Aikinite (wt.%)
1

1a

36.77 37.41

11.15

-

-

-

14.46

99.79

Cu1.17Pb1.18Bi1.19S3.00

2

1b

36.12 36.08

10.97

-

-

-

16.67

99.84

Cu1.00Pb1.01Bi1.00S3.00

3

1c

34.14 39.14

11.03

-

-

-

15.45

99.76

Cu1.08Pb1.03Bi1.17S3.00

4

2a

36.01 36.20

10.90

-

-

-

16.60

99.71

Cu0.99Pb1.01Bi1.00S3.00

5

2b

35.67 35.95

11.31

-

-

-

16.81

99.73

Cu1.02Pb0.99Bi0.99S3.00

6

3a

36.17 36.08

11.21

-

-

-

16.41

99.77

Cu1.03Pb1.02Bi1.01S3.00

7

3b

35.46 36.72

11.37

-

-

-

16.22

100.01 Cu1.06Pb1/01Bi1.04S3.00

8

3c

36.61 36.15

10.85

-

-

-

16.41

99.82

Cu1.00Pb1.04Bi1.01S3.00

9

3d

36.88 35.55

10.95

-

-

-

16.43

99.72

Cu1.01Pb1.04Bi1.00S3.00

10

3e

35.15 37.66

10.58

-

-

-

16.33

100.00 Cu0.98Pb1.00Bi1.06S3.00

11

3f

35.38 37.14

10.98

-

-

-

16.51

100.00 Cu1.01Pb0.99Bi1.04S3.00

Wittichenite (wt.%)
12

4a

-

41.81

37.10

1.46

-

-

19.55

99.91

Cu2.87Bi0.98Fe0.13S3.00

13

4b

-

41.85

36.96

1.17

-

-

19.55

99.52

Cu2.86Bi0.99Fe0.10S3.00

14

4c

-

41.99

36.89

1.50

-

-

19.47

99.86

Cu2.87Bi0.99Fe0.13S3.00

15

4d

-

40.23

36.24

4.05

-

-

19.45

99.98

Cu2.82Bi0.95Fe0.36S3.00

16

4e

-

40.30

37.79

2.13

-

-

19.52

99.73

Cu2.93Bi0.95Fe0.19S3.00

17

5a

-

41.66

35.65

3.28

-

-

19.19

99.78

Cu2.81Bi1.00Fe0.29S3.00

18

6b

-

41.94

35.84

2.88

-

-

19.23

99.88

Cu2.82Bi1.00Fe0.26S3.00

19

6c

-

41.28

35.76

2.85

-

-

19.97

99.86

Cu2.71Bi0.95Fe0.25S3.00

64.62

13.95

2.30

0.00 0.00 18.99

99.86

Cu0.74Bi1.04Fe0.21S2.00

Emplectite (wt.%)
20

7d

-

21

8e

-

63.46

13.58

2.57

1.03 0.40 18.91

99.95

Cu0.72Bi1.03Sb0.01Se0.04Fe0.23S2.00

22

9h

-

61.41

13.15

6.84

0.13 0.00 18.40

99.93

Cu0.72Bi1.02Fe0.64Se0.01S2.00

23

10f

-

60.91

11.63

4.00

0.00 4.92 18.42

99.88

Cu0.64Bi1.01Fe0.37S2.00

24

11g

-

61.81

13.89

4.24

0.27 0.00 19.50

99.73

Cu0.72Bi0.97Fe0.37Se0.01S2.00

The chemical composition of minerals was analyzed on REMMA-202M scanning electron microscopes at the
Institute of Mineralogy of UB Russian Academy of Science. The points of analysis are shown in Figure 9: 1–3
(Figure 9a); 4–5 (Figure 9b); 6–11 (Figure 9c); 12–16 (Figure 9d); 17 (Figure 9d); 20–24 (Figure 9f).

in samples from other deposits. The Fe2O3 content varies
from 1% to 32.6%. The Fe2O3 contents of the samples from
Kanköy are lower than those of the others (<3.2%). The
CaO contents of sediments are highly variable (between
0.04% and 40.6%). The CaO content of the samples
from Kanköy are considerably higher than the others
(35%–40%), and the lowest values are
 in samples from
Çayeli (0.04%–4.6%) and Kutlular (0.1–0.7%). The Al2O3
content of the samples (between 0.3% and 20.8%) is largely
compatible in the same deposits but exhibits certain
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differences between deposits. The lowest values are in the
samples from Kutlular (<2.1% Al2O3). Low grades of MnO
(<1.1%) are typical of most of the samples studied. A clear
correlation is apparent between MnO and CaO (see Table
3). The MgO content of the samples varies from 0.04%
to 9.63%. Na2O, K2O, P2O5, and TiO2 concentrations are
rather low and generally do not display strong variations.
The lowest TiO2 values (<0.08%) are in the samples from
the Kutlular deposit. The loss on ignition is quite high
(between 4.7% and 34.3%) in all samples. The highest
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Figure 9. Scanning electron microscopy (SEM) images of Bi-sulfosalts in the metalliferous sedimentary rocks from the
Lahanos deposit. (a) Aikinite (a, b, c) in tennantite (d)-chalcopyrite (Ccp) assemblage among authigenic apatite and
quartz crystalline in a ferruginous-argillaceous matrix. (b) Vein-like aggregate of aikinite (a, b) in chalcopyrite (Ccp).
(c) Pseudomorph of aikinite (Aik) by tennantite (Tn) among authigenic apatite (Ap) crystalline and chalcopyrite
(Ccp) isolated in a ferruginous-argillaceous matrix. (d) Wittichenite (white - a, b, c, d, e)-bornite (gray - f and Bo)
assemblage in a carbonate-siliceous matrix. (e) Replacement of wittichenite (Wit) by goetite (Goe). (f) Emplectite (d,
e, f, g, h) and wittichenite (a, b, c) with barite (Ba) in a carbonate-siliceous matrix.

loss on ignition values (30%–34.3%) are from the Kanköy
samples.
The higher content of CaO in the Kanköy samples
is accompanied by low values of SiO2 and Fe2O3. High
CaO and loss on ignition in Kanköy samples, coupled

with low SiO2 and Fe2O3, indicate the presence of a
significant carbonate component. As Sr easily substitutes
for Ca in carbonates, the Kanköy samples also contain
considerable amounts of Sr (358–458 ppm). Although
the SiO2 content is generally high in most of the Eastern
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- iron formation
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British Columbia, Canada
- chert/argillite
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Figure 10. Bivariate geochemical plots of the metalliferous sedimentary rocks from the Eastern Pontides and major VMS
districts worldwide (data sources are from Hollis et al., 2015). Fe/Ti vs. Cu + Pb + Zn plot. Most samples from the Eastern
Pontides are characterized by high Cu + Pb + Zn and relatively low Fe/Ti.

Pontide samples, some samples can be lower (<36.4%)
due to their high Fe2O3, Al2O3, and CaO contents. This
difference occurs because the higher levels of Fe2O3, Al2O3,
and CaO can influence the concentrations of other major
components (SiO2) due to dilution, leading to a decrease
in the concentration of the other main (SiO2) components
(Hollis et al., 2015).
Another dominant component of the metalliferous
sediments is SiO2, which is most likely to be found as a
consequence of excess quartz saturation (Kalogeropoulos
and Scott, 1983). Figure 12a is a plot displaying Fe2O3Al2O3-SiO2. According to the diagram, the metalliferous
sedimentary rocks in the Eastern Pontides are largely
silica-rich and comparable to the Si- and Fe-rich sediments
identified in the Urals and in Hokuroku (Japan). The
relatively lower Al2O3 contents of the samples from
Kutlular are notable.
Large ranges in concentration exist for Al2O3 (0.3–
20.8 wt.%), TiO2 (0.01–0.69 wt.%), Sc (<1–16 ppm), Zr
(5.8–400 ppm), Th (<0.2–5.4 ppm), Nb (0.7–8.7 ppm),
and Rb (<0.1–31.7 ppm). The higher abundances of
these elements reflect the presence of significant detrital
components (Kalogeropoulos and Scott, 1983; Spry et al.,
2000; Slack et al., 2009). A ternary Fe-Al-Mn plot has been
used to distinguish between hydrothermal and detrital
inputs to metalliferous sediments (Boström, 1973; Spry et
al., 2000; Slack et al., 2009). Such a plot has been made by
collecting samples of hydrothermal and nonhydrothermal
iron formations from a variety of sites worldwide. The
rationale behind the distinction is that Al is essentially of
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detrital origin whereas Fe and Mn are predominantly of
hydrothermal origin. The presence of variable amounts of
hydrothermal and detrital materials in the Eastern Pontide
samples is notable in the Fe-Al-Mn plot (Figure 12b). The
presence of detrital material in nearly all Kanköy samples
is especially clear. In contrast, the amount of detrital input
to metalliferous sediments from Kutlular is less clear,
and this feature is consistent with lower Al2O3 and TiO2
contents.
Metal concentrations in sediments are rather high
(Table 3). The sediments contain Cu, Zn, Pb, Au,
Sb, Sr, and Ba in significant proportions. Base metal
concentrations are high, with most samples containing
>1000 ppm Cu + Pb + Zn (Figures 10 and 11). The highest
base metal and S concentrations are in the pyrite-bearing
sections. The contents of Au are quite high (up to 2325
ppb). The Lahanos samples in particular contain elevated
Au values (>724 ppb). The Cu contents of the Kutlular
samples are over 0.2%. In Çayeli, the Zn value is 0.3%, Ba
is 4.8%, and Bi values can reach 1523 ppm. The maximum
concentrations of Zn (up to 3394 ppm) and Cd (up to 3.5
ppm) are most likely due to sphalerite inclusions in the
samples. The antimony concentrations are highly variable
(0.1–54.4 ppm). The Pb values are below 0.1%. An increase
in Ni and Co concentrations in the Fe-rich samples has
been observed. The elevated levels of U (0.2–34.8 ppm),
V (28–1522 ppm), and Sr (9–3234 ppm) are quite notable.
The metal contents of the sedimentary rocks in the Eastern
Pontides are largely similar to those of the gossanites and
jasperites identified in the Urals (see Figure 11).
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Table 3. Major (wt.%) and trace (ppm) element analyses of metalliferous sedimentary rocks from the Eastern Pontide VMS deposits.
Kanköy
Sample JKA-022
(1)
SiO2
17.40
Al2O3 5.15
Fe2O3 2.53
MgO 0.74
CaO
38.48
Na2O 0.06
K2O
1.42
TiO2
0.21
P2O5
0.13
MnO 0.58
Cr2O3 0.002
TOT/S 0.02
LOI
33.1
Ba
418
Co
1.9
Ga
6.1
Hf
1.1
Nb
3.1
Rb
29.4
Sn
<1
Sr
438
Sc
5
Ta
0.2
Th
1.5
U
0.2
V
28
W
7.3
Zr
44
Y
15
Mo
<0.1
Cu
111
Pb
113
Zn
18
As
23
Cd
0.2
Sb
1.9
Bi
1.2
Ag
<0.1
Au
<0.5
Hg
0.6
Tl
0.4
Se
<0.5

JKA-025
(2)
22.26
5.35
3.22
0.78
35.19
0.11
1.40
0.23
0.11
0.61
0.003
0.29
30.0
3289
1.4
5.8
1.0
2.3
31.7
<1
358
9
0.2
1.4
0.3
50
8.2
44
26
0.4
2068
115
31
24
0.2
2.2
4.8
0.2
61
3.3
0.5
<0.5

JKA-026
(3)
16.12
4.72
1.05
0.71
40.66
0.05
1.32
0.21
0.15
0.52
0.002
0.09
34.3
698
0.9
4.9
0.8
2.3
29.5
<1
425
4
0.1
1.2
0.3
73
6.9
38
16
<0.1
525
39
13
2
0.3
0.1
1.6
<0.1
34
1.0
0.3
<0.5

Lahanos
JLH-124
(1)
49.28
16.53
3.31
0.24
9.75
0.06
0.33
0.69
2.87
0.08
0.030
1.83
13.0
22502
24.5
92.3
4.4
7.4
7.7
12
482
14
0.6
5.4
25.6
1572
97.3
208
54
2.2
6010
928
84
19
0.2
7.9
1523
2.4
2325
5.1
0.4
30.0

JLH-125
(2)
36.47
10.74
21.97
4.39
3.70
0.04
0.09
0.44
1.25
0.22
0.008
0.24
20.0
1936
9.8
33.2
2.6
4.5
1.6
2
126
7
0.3
2.5
4.2
380
17.4
102
39
1.1
1037
190
936
8
<0.1
3.7
127
1.5
724
0.6
0.1
5.2

JLH-127
(3)
38.18
10.24
20.67
4.76
4.27
0.04
0.07
0.46
0.49
0.34
0.008
0.08
19.9
1458
6.3
27.2
2.7
6.6
1.3
1
131
9
0.3
2.6
2.2
251
15.6
107
24
0.6
410
60
1029
8
<0.1
5.4
86.5
0.7
749
0.6
<0.1
1.3

Çayeli
JCY-001
(1)
15.46
3.04
32.66
9.63
4.60
0.05
0.10
0.07
0.54
1.11
0.006
1.30
26.1
48626
0.5
32.9
1.4
1.8
1.3
8
3234
5
0.6
0.8
5.7
374
15.9
65
60
3.0
386
254
3394
82
0.5
54.4
15.2
0.2
28
0.1
0.4
<0.5

JCY-002
(2)
68.90
18.78
3.69
0.21
0.08
0.05
0.06
0.24
0.04
0.10
<0.002
0.06
7.6
359
0.2
39.1
9.5
7.1
0.3
3
79
16
0.5
3.3
2.5
48
2.4
65
108
0.2
165
20
709
5
0.5
3.2
0.5
<0.1
4
0.2
0.2
<0.5

JCY-003
(3)
66.22
20.86
3.04
0.10
0.04
0.04
0.05
0.30
0.03
0.01
0.003
0.59
8.9
136
5.2
48.4
11.3
8.7
0.1
4
74
16
0.6
3.4
34.8
48
3.5
400
104
0.4
460
192
1369
23
3.5
3.4
1.2
1.9
18
0.1
0.8
0.5

Kutlular
JKU-333
(1)
84.12
2.11
6.92
0.45
0.76
0.03
0.21
0.08
0.11
0.05
0.022
4.04
4.7
1139
3.2
4.9
0.4
1.6
2.5
1
40
2
<0.1
0.4
0.4
52
3.4
20
6
0.7
2355
74
471
404
1.8
5.2
21.5
2.8
125
0.0
0.2
0.6

JKU-334
(2)
61.55
0.31
24.02
0.04
0.12
0.01
0.02
0.01
0.01
0.01
0.013
18.80
13.5
279
5.0
1.2
0.1
1.9
<0.1
3
9
1
0.1
0.2
1.2
55
2.4
5
0.8
20.2
2921
119
270
399
1.2
5.7
37.4
3.2
196
0.1
7.8
14.7

Au is stated in ppb. LOI - loss on ignition, TOT/S - total Sulfur, JKA - Kanköy, JLH - Lahanos, JCY - Çayeli, JKU - Kutlular.
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JKU-335
(3)
65.37
0.93
20.38
0.06
0.74
0.03
0.14
0.02
0.32
0.01
0.031
15.26
10.6
219
2.7
5.7
0.2
0.7
1.6
2
9
<1
<0.1
<0.2
1.6
129
5.0
7
14
1.9
>10000
159
91
432
0.9
2.7
65.9
3.0
174
0.0
0.5
22.7
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Figure 12. (a) Ternary Al2O3 - Fe2O3 - SiO2 discriminant plot for the metalliferous sedimentary rocks from the Eastern Pontides,
Hokuroku (Japan), and the Urals (data sources are from Kalogeropoulos and Scott, 1983; Maslennikov et al., 2012). (b) Ternary Al - Fe
- Mn discriminant plot for the metalliferous sedimentary rocks from the Eastern Pontides (data sources are from Peter and Goodfellow,
1996; Spry et al., 2000; Slack et al., 2009).

Most metalliferous sediment samples from the Pontide
VMS deposits are assigned to fields defined by Bhatia and
Crook (1986) on the La/Y vs. Sc/Cr and Ti/Zr vs. La/Sc
diagrams. The La/Y vs. Sc/Cr diagram assigns much of the
Pontide samples to the continental island arc (Figure 13a).
A similar result appears in the Ti/Zr vs. La/Sc diagram
(Figure 13b). Most samples are within the range of values
for the continental island arc setting of 10–35 for Ti/Zr
and 1–3 for La/Sc. The majority of data points fall into the
field for continental island arc, while a minority lie within
the field closest to the boundaries of the continental island
arc and the active continental margin. The remainder of
the Pontide samples plot within the Ti/Zr range for the
continental island arc setting but have a much wider La/Sc
range. Bivariate diagrams of Co/Th vs. La/Sc are often used
to discriminate between different source compositions
(Gu et al., 2002; Sun et al., 2008; Guo et al., 2012). Most
samples fall into the field between felsic and basic source
rocks (Figure 13c).
The chondrite-normalized rare earth element (REE)
data for the metalliferous sediments display broad ranges
of patterns (Figure 14; Table 4). The results of analyses
show a slight decrease in REE contents in the following
order: Çayeli, Lahanos, Kanköy, and Kutlular. Samples are
slightly enriched in the light rare earth elements (LREEs)
and have relatively flat heavy-REE slopes, with LaN/YbN =
1.4–16.5, LaN/SmN = 0.9–15.3, and GdN/YbN = 0.9–2.1. It
is also noteworthy that most samples exhibit pronounced

negative cerium (Ce) anomalies and less pronounced
negative europium (Eu) anomalies. Negative chondritenormalized Ce anomalies are characteristic of seawater
(Hogdahl et al., 1968). Chondrite-normalized REE
patterns for numerous proximal chemical sedimentary
rocks associated with Phanerozoic VMS deposits typically
show negative Ce anomalies (Peter and Goodfellow,
1986; Barrett et al., 1987; Lottermoser, 1989; Slack et
al., 2007). The negative Eu anomalies present a quite
surprising situation because many metal-bearing seafloor
hydrothermal systems show strong positive Eu anomalies.
The negative Eu anomalies in metalliferous rocks are
usually explained by a detrital material contribution
(Spry et al., 2000; Davidson et al., 2001). The analyzed
samples tend to have LREE enrichment (LaN/YbN = 1.4–
16.5) and flat HREE (GdN/YbN = 0.9–2.1) patterns with
negative Eu anomalies. The REE characteristics of Pontide
metalliferous sediments are similar to those of the upper
continental crust (Taylor and McLennan, 1985; McLennan,
1989), suggesting that the detrital material in metalliferous
sediments from the Pontide VMS deposits are mainly
derived from a continental source material. The Y/Ho
ratios for the majority of the Eastern Pontide metalliferous
sediments are comparable to chondritic values (~28; Bau
and Dulski, 1999). On a global scale, the Y/Ho ratios for
the many similar rocks associated with VMS deposits are
close to chondrite values (Figure 15). The lack of high Y/
Ho ratios can be interpreted as the absence of a significant
seawater contribution (Bau, 1996).
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Figure 13. (a) La/Y vs. Sc/Cr and (b) Ti/Zr vs. La/Sc provenance discrimination diagrams for the metalliferous sedimentary rocks from
the Eastern Pontide VMS deposits. The fields on the diagrams were defined by Bhatia and Crook (1986). (c) Source rock discrimination
diagram for the metalliferous sedimentary rocks from the Eastern Pontide VMS deposits (Gu et al., 2002).

6. Discussion
VMS ore deposits do not occur randomly (Allen et al., 2002).
Due to the complex structure of these deposits forming on
the seafloor and at particular geological horizons, a wide
variety of ore facies associated with mineralization has been
formed. It is commonly difficult to recognize these facies,
which represent the primary features of the deposits, due to
metamorphism and deformation, which are quite specific
to many VMS districts (Kalogeropoulos and Scott, 1983;
Allen et al., 2002). One of these facies is the ore-bearing
sediment layers that are used as a guide in exploring for
VMS deposits. The identification of these Si (±Fe)-rich
layers at the district and local scale has an essential role in
determining the seafloor hydrothermal systems forming
the VMS mineralization. Views on the types and origins of
Si (±Fe)-rich sedimentary rocks related to VMS deposits
on a global scale are quite diverse. To distinguish the types
of these special rocks having textural and mineralogical
variety, mostly geochemical methods have been used
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(Maslennikov et al., 2012; Hollis et al., 2015). The chemical
compositions of these rocks reflect the environments in
which they formed. While some of them represent the
proximal sections, others represent the distal sections. The
metal contents tend to decrease with increasing distance
from the VMS-associated vent sites and are visible only
microscopically (Lottermoser et al., 1991; Slack et al.,
2009). The metalliferous sedimentary rocks are formed
by the mixing of chemical and detrital components in
various proportions as a result of sedimentation processes
occurring on the seafloor. Al, Ti, and Zr are generally low
unless there is a significant detrital component, because
higher abundances of these elements are indicative of
the presence of detrital clastic material of sedimentary or
volcanic origin (Kalogeropoulos and Scott, 1983; Spry et
al., 2000; Slack et al., 2009; Hollis et al., 2015). The chemical
components are mainly characterized by hematite, quartz,
and sulfides (mainly pyrite). The red layers are composed
predominantly of chemical components whereas the gray
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Figure 14. Chondrite-normalized REE patterns of the metalliferous sedimentary rocks from the Eastern Pontide massive sulfide
deposits. Chondrite normalization values after Boynton (1984).

layers are composed of clastic components (Kalogeropoulos
and Scott, 1983). Despite being limited, such rocks are
common in the volcanogenic massive sulfide deposits
of the Upper Cretaceous Volcanic Belt of the Eastern
Pontides. Abundant and coarse-grained sulfide contents of
Si (±Fe)-rich sediments identified in the Eastern Pontide
VMS deposits indicate that these rocks are proximal types.
The extensive replacement of sulfides by hematite is an
expected situation in proximal settings (see Figure 7).
These rocks in the Pontides have high hematite contents,
and they contain Zr, Ti, and Al in varying proportions.
The presence of hematite is noticeably distinguished by
its typical red color. Based on their depositional setting,
structure/texture, and mineralogy, the metalliferous
sedimentary rocks identified in the Pontide VMS deposits
can be defined as proximal type rocks formed by the
mixing of chemical components and detrital components
in various proportions.
There is a common view arguing that the origin of
these rocks is the result of the same hydrothermal vents
that form the massive sulfide ores (Kalogeropoulos and

Scott, 1983; Peter and Goodfellow, 1996; Grenne and Slack,
2005). Studies of modern black smoker systems indicate
that hydrothermal plumes contain abundant particles
of Fe-sulfides and Mn-Fe oxyhydroxides, which can be
sources for Si-Fe- and Mn-rich rocks (Feely et al., 1996).
For ancient VMS deposits, the discovery of black smoker
chimney fragments has put an end to any doubt about
this model (Qudin and Constantinou, 1984; Herrington
et al., 1998; Maslennikov, 1999; Maslennikova and
Maslennikov, 2007; Maslennikov et al., 2009, 2017; Revan,
2010; Revan et al., 2014). The chemical compositions
of these types of rocks associated with VMS deposits
worldwide are dominated by Si, Fe, Ca, and Mn. Three
broad hypotheses have been advanced for the origins of
these elements: (1) hydrothermal fluids, (2) processes of
seawater interaction, and (3) detrital component input
(Spry et al., 2000; Maslennikov et al., 2012; Hollis et al.,
2015). The silica contents of the metalliferous sediment
samples from the Eastern Pontides are considerably high.
Normal seawater is undersaturated in silica (Berner, 1971).
Thus, the quartz content in the rocks might be introduced
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Table 4. Rare earth (ppm) element analyses of metalliferous sedimentary rocks from the Eastern Pontide VMS deposits.

Sample
La

Kanköy
JKA-022 JKA-025 JKA-026
(1)
(2)
(3)
13.5
19.7
15.2

Lahanos
JLH-124 JLH-125 JLH-127
(1)
(2)
(3)
31.7
21.8
16.6

Çayeli
JCY-001 JCY-002 JCY-003
(1)
(2)
(3)
32.1
23.9
20.9

Kutlular
JKU-333 JKU-334 JKU-335
(1)
(2)
(3)
3.0
2.2
2.7

Ce

15.3

26.2

18.4

48.1

40.5

31.9

33.2

56.0

49.6

5.0

1.1

4.6

Pr

2.81

4.37

2.86

7.73

5.52

3.87

5.61

7.63

6.33

0.78

0.07

1.01

Nd

11.4

18.4

11.1

33.2

23.2

14.5

28.0

34.7

29.0

3.6

<0.3

5.6

Sm

2.16

3.96

2.06

10.11

5.45

3.23

8.35

10.20

8.80

1.00

0.09

1.78

Eu

0.60

1.35

0.66

3.46

1.96

1.06

1.90

2.56

2.36

0.33

<0.02

0.58

Gd

2.40

4.40

2.38

11.98

6.75

3.69

11.51

14.88

13.28

1.07

0.11

2.26

Tb

0.33

0.65

0.35

1.65

1.08

0.60

1.51

2.67

2.59

0.17

0.02

0.35

Dy

2.10

4.06

2.15

9.87

6.70

3.84

8.49

18.22

17.08

1.10

0.14

2.21

Ho

0.45

0.85

0.44

1.68

1.28

0.79

1.71

3.99

3.67

0.22

0.04

0.46

Er

1.24

2.41

1.31

4.82

3.36

2.28

4.92

11.84

11.16

0.63

0.08

1.42

Tm

0.17

0.35

0.17

0.70

0.44

0.34

0.65

1.75

1.69

0.10

<0.01

0.20

Yb

1.15

2.17

1.13

4.62

2.71

2.14

4.37

11.57

11.31

0.64

0.09

1.29

Lu

0.18

0.35

0.16

0.69

0.41

0.33

0.65

1.79

1.83

0.10

0.01

0.21

SREE

53.8

89.2

58.4

170.3

121.2

85.2

143.0

201.7

179.6

17.7

4.0

24.7

(La/Yb)N

7.93

6.13

9.09

4.64

5.44

5.24

4.96

1.40

1.25

3.17

16.52

1.41

(La/Sm)N 3.93

3.13

4.64

1.97

2.52

3.23

2.42

1.47

1.49

1.89

15.37

0.95

(Gd/Yb)N 1.68

1.64

1.70

2.09

2.01

1.39

2.12

1.04

0.95

1.35

0.99

1.41

N - normalized to chondritic values, SREE - total rare earth element, JKA - Kanköy, JLH - Lahanos, JCY - Çayeli, JKU - Kutlular.

from the alteration of feldspars, skeletal remains of silicabearing organisms, or conductive cooling of hydrothermal
solutions (Kalogeropoulos and Scott, 1983; Maslennikov et
al., 2012). Silica contributed by the replacement of feldspar
is volumetrically insignificant compared to that present
in ferruginous sedimentary rocks (Kalogeropoulos and
Scott, 1983). In these rocks of the Pontides, only traces of
radiolarian tests have been identified. However, they are
not present in sufficient amounts to explain the abundance
of the existing silica. Under these circumstances,
hydrothermal solutions become prominent as the main
source of silica. Regarding the hydrothermal origin,
this conclusion is supported by the relationship of
hydrothermal vents and the Si- and Fe-rich sedimentary
rocks. Another feature indicating a hydrothermal origin
is the presence of a large number of silica (±Fe)-rich
exhalations observed in current volcanic areas (Butuzova,
1966; Dymond et al., 1973). Crosscutting quartz veins are
considered to represent ongoing hydrothermal activity
after the deposition of these special rocks. The ongoing
hydrothermal activity has also led to an alteration in
the textural, mineralogical, and chemical features of the
sedimentary rocks. One of the most important attributes
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demonstrating these kinds of alterations is the replacement
of pyrite by hematite or of hematite by hydrothermal
pyrite. The presence of spherules is considered a result of
hydrothermal fluids vented on the seafloor (Davidson et
al., 2001; Grenne and Slack, 2003; Hollis et al., 2015) or
halmyrolysis of volcanic glasses (Maslennikov et al., 2012).
Elevated Cu+Pb+Zn, Au, Sb, and Fe/Mn contents provide
other important evidence indicating a hydrothermal
component.
The course of the interaction with seawater is a highly
complex process. It is suggested by some researchers that
the seawater interaction process is the main mechanism
for the formation of these types of rocks in the VMSbearing hydrothermal fields, and this process is termed
halmyrolysis (Maslennikov, 1999; Maslennikov et al.,
2012). Halmyrolysis is considered to involve all processes
related to the seafloor decay of sediments. These processes
involve oxidation, hydration, disintegration, ion exchange,
replacement, and redeposition of disintegrated material.
Researchers state that the rocks for which formation
processes could not be resolved by the suggested models
can be explained by halmyrolysis processes. In particular,
elevated U and V values in this system are interpreted
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Figure 15. Bivariate plots of Y/Ho versus selected trace elements in the metalliferous sedimentary rocks from the Eastern Pontides and
major VMS districts worldwide (data sources are from Hollis et al., 2015).

as a consequence of interaction processes with seawater
(Maslennikov et al., 2009; Revan et al., 2014; Ayupova et
al., 2018). The high U and V contents in the metalliferous
sedimentary rocks indicate an origin by reaction with
seawater and suggest that the processes leading to the
concentration of U and V by iron hydroxides occurred
exclusively in the near-vent submarine environment
(Garuti and Zaccarini, 2005; Maslennikov et al., 2009;
Revan et al., 2014). The high levels of U and V found in the
metalliferous sedimentary rocks indicate a seawater origin
pointing to a submarine environment for the formation of
the Pontide sedimentary rocks.
Low Fe/Ti and high Al/(Al+Fe+Mn), Rb, Th, Zr, Sc,
and Nb in most of the metalliferous sedimentary rocks

from the Eastern Pontides indicate that at least some of
these rocks contain large amounts of detrital components
derived from volcanic and volcaniclastic rocks (Spry et al.,
2000; Slack et al., 2009; Hollis et al., 2015). Furthermore,
the negative Eu anomalies in the samples support
the contribution of clastic material (Spry et al., 2000;
Davidson et al., 2001). Thus, the Si (±Fe)-rich rocks in the
Eastern Pontides can be classified as sedimentary rocks
accompanied by detrital volcanic material. The amount
of hydrothermal and detrital input is dependent on fluid/
rock ratios, bottom current drifts, and the degree of basin
isolation (Spry et al., 2000).
The geochemical affinity of the metalliferous
sedimentary rocks can also provide important clues for
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understanding the tectonic setting in which they were
deposited. Trace element ratios, such as La/Sc, La/Y,
Sc/Cr, and Ti/Zr, have been successfully employed to
discriminate among continental island arc, continental
margin arc, oceanic island arc, and passive margin
environments (Bhatia and Crook, 1986). Processes such
as chemical weathering, transport, and hydrothermal
alteration do not significantly alter the ratios of immobile
elements like the HFSEs (e.g., Zr), the REEs (e.g., La), and
the compatible elements (e.g., Sc). Hence, ratios of these
elements are the most suitable for provenance analysis and
determining tectonic setting (Taylor and McLennan, 1985;
Lode et al., 2016). Provenance-related immobile element
systematics of the Eastern Pontide metalliferous sediments
have continental arc signatures. This is consistent with the
provenance of local host lithologies, which are bimodal
continental arc sequences. Furthermore, these systematics
are expected for sediments deposited in a subsidence basin
in a rifted continental arc, which is the suggested tectonic
model for the Eastern Pontide belt (Eyuboglu et al., 2014;
Revan et al., 2017).
The volcanic chemistry of the metalliferous
sedimentary rocks of the Eastern Pontide VMS deposits
shows pronounced negative Ce anomalies. The presence
of negative Ce anomalies in convergent plate magmas has
always been enigmatic. There are differing views regarding
the possible origin of these negative Ce anomalies.
One hypothesis suggests that negative Ce anomalies
are important tracers of the contribution of subducted
sediments to the source of convergent margin magmatism
(Hole et al., 1984; Plank and Langmuir, 1993; Class and
le Roex, 2008). However, the notion that negative Ce
anomalies in convergent plate magmas are derived from
a subducting sediment component has been disproved
by theoretical and experimental work (Schreiber et al.,
1980; White et al., 1985; Shimizu et al., 1992). Another
possible explanation holds that the negative Ce anomalies
in the host rocks are due to interactions with seawater
(Hogdahl et al., 1968; Neal and Taylor, 1989). Distinctive
Ce depletions are characteristic of most seawater and
marine sediments (Hogdahl et al., 1968; Parekh et al.,
1977; Hole et al., 1984; Shaw and Wasserburg, 1985; Neal
and Taylor, 1989). Authigenic sediments reflect the relative
Ce abundances of the waters from which they formed
(Shimizu and Masuda, 1977; Peter and Scott, 1999). Based
on the above considerations, it is reasonable to assume
that the negative Ce anomalies in the REE patterns of
the Pontide metalliferous sedimentary rocks are likely
inherited from seawater.
Si (±Fe)-rich sedimentary rocks associated with the
VMS deposits in the Eastern Pontides have features that are
comparable to their analogues worldwide. The work herein
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follows the definition outlined in ferruginous sediments
associated with VMS deposits from the Urals because the
ore facies characteristics observed in the VMS deposits of
the Urals and the Eastern Pontide district are quite similar
(Revan, 2010; Revan et al., 2013, 2014). In their recent
study, Maslennikov et al. (2012) suggested that these SiFe-Mn-rich rocks can be geochemically distinguished.
Data from the ferruginous sediments of the Urals and
Hokuroku are presented in Figures 11 and 12a, with most
samples from the Eastern Pontides resembling gossanites
more than they resemble jasperites. The mineralogical and
chemical data support these similarities. Textures typical
of soft sediment deformation and spherulitic textures
of the Pontide sediments are common in gossanites and
jasperites. The base metal, Ba, and Sr contents of gossanite
and jasperite are quite high, which is also the case for the
Eastern Pontide samples. The umber, which is another
chemical sediment type identified in the Urals, is typical
with its high Mn content. In addition to the stratigraphic
location of the metalliferous sediments described here,
they do not show any similarities with umbers as their
MnO contents are consistently low.
The Si (±Fe)-rich sedimentary rocks from the
Eastern Pontides do not show significant geochemical
and mineralogical variability within the same deposits.
However, variations in different deposits are more
apparent. This variation is due to the difference in the
interaction processes on the seafloor (such as hydrothermal
activity, seawater interaction and detrital input) during the
formation of the ore-bearing sedimentary rocks associated
with each VMS deposit.
7. Conclusions
The Si (±Fe)-rich sedimentary rocks identified in the VMS
deposits of the Eastern Pontides are metalliferous rocks
that represent the proximal sections of the deposits. They
were formed by the mixing of mainly chemical components
and to a smaller degree detrital components in various
proportions due to sedimentation processes occurring
on the seafloor. The chemical components are composed
mostly of hematite, quartz, and sulfides. The presence of
clastic components is more notable in some samples with
high contents of Zr, Ti, and Al. Their metal contents are
largely indicative of a hydrothermal source and a smaller
detrital material contribution. The presence of metals
such as Fe, Cu, Zn, Pb, Sb, and Au can be explained by a
large amount from the hydrothermal source and a lesser
amount from the input of detrital material. Seawater
interaction processes are considered highly effective
mechanisms based on previous studies and theoretical
works. The high U and V and the negative Ce anomalies
are the result of the processes of interaction with seawater.

REVAN et al. / Turkish J Earth Sci
The composition of the metalliferous sediments of Eastern
Pontide VMS deposits implies that these sediments carry a
continental-arc provenance signature.
Si (±Fe)-rich sedimentary rocks associated with the
VMS deposits in the Eastern Pontides have features that
are comparable to their analogues on a global scale, and
they have similarities to the rocks that have been mostly
identified as gossanite and jasperite in the Urals region.
Any presence of metal in Si (±Fe)-rich rocks, which are
the typical products of seafloor hydrothermal systems, can
be used as a guide in exploring for massive sulfide deposits
in the Eastern Pontides. Thus, it is necessary to identify the
metal contents of similar sediment layers in the wall rock
sequences of the Eastern Pontide VMS deposits.
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